Glutaredoxins (GRX) are antioxidant enzymes that preferentially catalyze the reduction of protein-glutathione mixed disulfides. The formation of mixed disulfides with GSH is known as S-glutathionylation, a post-translational modification that is emerging as an important mode of redox signaling. Since asthma is a disease that is associated with increased oxidative stress and altered antioxidant defenses, we investigated the expression of GRX in a murine model of allergic airway disease. Sensitization and challenge of C57BL/6 mice with ovalbumin resulted in increased expression of GRX1 mRNA, as well as increased amounts of GRX1 protein and total GRX activity in the lung. Because GRX1 expression is prominent in bronchial epithelium, we isolated primary epithelial cells from mouse trachea to investigate the presence of GRX. Primary tracheal epithelial cells were found to express both GRX1 and 2 mRNA and detectable GRX activity. Treatment with IFN-␥ increased the expression of GRX1 and overall GRX activity, resulting in attenuation of protein S-glutathionylation. In contrast, TGF-␤1 caused decreased GRX1 expression and overall GRX activity, leading to markedly enhanced protein S-glutathionylation. GRX1 joins the cadre of antioxidant defenses known to be modulated during allergic airway inflammation.
Chronic inflammatory diseases of the lung, such as asthma, are accompanied by oxidative stress. The bulk of oxidant production has been attributed to inflammatory cells, which in human asthma consist of mainly eosinophils as well as neutrophils. In addition, during normal cellular respiration and aerobic metabolism as well as through activation of nonphagocytic NADPH oxidases (Nox) (1) , resident epithelial cells can also generate oxidants. Finally, environmental exposures that cause asthma exacerbations increase the oxidative burden in the lungs.
Because oxidants can cause damage to macromolecules, lung tissue has evolved with a battery of antioxidant enzymes to protect against these oxidative insults and glutathione plays a major role herein. The importance of glutathione in protecting airspace epithelium against oxidant-mediated injury is underscored by the fact that its levels in epithelial lining fluid are ‫ف‬ 100-fold higher than in serum (2) . As evidence of oxidative stress, oxidized glutathione levels (GSSG) were reported to be increased in BAL fluid, or induced sputum samples of patients with asthma compared with healthy control subjects (3, 4) . Glutathione levels are regulated by a system of antioxidant enzymes that include glutathione peroxidases (GPx), glutathione reduc-tase (GR), ␥Ϫglutamyl-cysteinyl synthase (␥GCS), glutathione-S-transferase (GST), and glutaredoxins (GRX). Changes in some of these enzymes have been demonstrated in asthma, locally in lung tissue, as well as systemically. For instance, erythrocytes of patients with asthma display reduced GPx activity compared with control individuals (5) , whereas levels of extracellular GPx levels were found to be increased in the lungs of individuals with asthma compared with control subjects (6) . Polymorphisms in the GST-M1, GST-T1, and GST-P1 genes have also been associated with asthma (for review see Ref. 7) . Decreases in activities of superoxide dismutases (8, 9) and catalase (10) in patients with asthma further contribute to enhanced oxidative stress.
As part of the antioxidant properties of glutathione, the tripeptide can conjugate with protein amino acid sulfhydryls through its proper thiol group to protect them directly against irreversible oxidations. The formation of protein mixed disulfides, also known as S-glutathionylation, has been demonstrated to occur in a number of proteins, like the transcription factors NF-B (11) and AP-1 (12) , under baseline conditions and is increased after oxidative stress. Since S-glutathionylation has been established to alter the function of these proteins, it is considered a post-translational modification through which oxidants can transduce signals, and serve as second messenger molecules. Mammalian GRX enzymes (thioltransferases) belong to the thioredoxin superfamily of enzymes and have been demonstrated to regulate this post-translational modification (13) . GRXs are oxidoreductases that catalyze the reversible exchange of GSH with protein thiol groups. At high ratios of GSH/GSSG, as they occur in physiologic settings, the reduction of proteinglutathione mixed disulfides to restore the reduced sulfhydryl group is favored. This deglutathionylation reaction occurs through a monothiol mechanism (14) in which GRX itself is S-glutathionylated. The reduced state of GRX is restored by GSH coupled to GSSG reductase (15) . Two mammalian GRX proteins have been identified to date. GRX1 is a cytosolic protein, whereas GRX2 contains a mitochondrial leader sequence but can also occur in the nucleus after alternative splicing (16, 17) .
Studies on GRX enzymes in the lung are scant. To date GRX1 was found to be decreased in alveolar macrophages of patients with sarcoidosis and allergic alveolitis, but no difference was observed by immunohistochemistry between patients with interstitial pneumonia and control subjects (18) . In addition, hyperoxia was found not to affect GRX expression (19) . Given the importance of glutathione in maintaining the redox status of the lungs and the presence of oxidative stress in asthma, the goal of the current study was to investigate the expression of GRX in a mouse model of allergic airway disease. Furthermore, the modulation of GRX by cytokines that are relevant to allergic airway disease was examined in primary mouse tracheal epithelial cells.
MATERIALS AND METHODS

Animals
Six-to eight-week-old female C57BL/6 mice (Jackson Laboratories, Bar Harbor, ME) were housed in the University of Vermont Animal Facility. Mice were subjected to ovalbumin (OVA) sensitization and challenge as described elsewhere (20) . The Institutional Animal Care and Use Committee granted approval for all studies.
Primary Cell Culture
Primary epithelial cells were isolated from C57BL/6 mice according to Wu and Smith (21) with minor modifications (22) . For experiments, cells were plated on Collagen I-coated culture dishes or glass slides and switched to phenol red free DMEM/F12 media containing 2 mM l-Glutamine and P/S 24 h before initiation of experiments.
Semiquantitative PCR
Total RNA was isolated from lung using an RNeasy Mini Kit (Qiagen, Valencia, CA), DNase treated, and reverse transcribed into cDNA. Semiquantitative TaqMan PCR for GRX1 and 2 were performed (Applied Biosystems, Framingham, MA) and values were normalized to hypoxanthine guanine phosphoribosyl transferase (HPRT).
Immunohistochemistry
After mice were killed, lungs were instilled with 50% Tissue-Tek OCT Compound (Sakura Finetek Inc., Torrance, CA) in PBS and frozen in liquid nitrogen-chilled isopentane for the preparation of 10-m frozen sections. Slides or cells were fixed with 4% paraformaldehyde (PFA), washed, and permeabilized with 1% Triton X-100 in PBS for 20 min. After blocking with 1% BSA in PBS (PBS/1% BSA), slides were incubated with rabbit anti-human GRX1 antibody (10 g/ml; Labfrontier, Seoul, Korea) overnight at 4ЊC. After three washes in PBS/1% BSA, slides were incubated with goat anti-rabbit Cy3 secondary antibody (Jackson ImmunoResearch Laboratories, West Grove, PA) and counterstained with Sytox Green (Molecular Probes, Austin, TX) to label DNA. Slides were washed and coverslipped, and sections were scanned using an Olympus BX50 upright microscope configured to a Bio-Rad MRC 1024 confocal scanning laser microscope system (Bio-Rad, Hercules, CA) using a ϫ20 objective.
Western Blotting
Lung lysates were mixed with 2ϫ Laemmli sample buffer, boiled, and loaded on polyacrylamide gels. Proteins were transferred to nitrocellulose, and Western blotting for GRX1 was performed using a GRX1 antibody (Labfrontier) as previously described (22) .
GRX Activity Assay
GRX activity was assayed as previously described (23) . Briefly, cells or lungs were lysed in buffer containing 137 mM Tris-HCl (pH 8.0), 130 mM NaCl, and 1% NP-40, cleared by centrifugation, and equalized for protein content. Before analysis of whole lung GRX activity, excess NADPH was removed from lung lysates through a Micro Bio-Spin 6 chromatography column (Bio-Rad). The lysates were incubated with reaction buffer containing 137 mM Tris-HCl (pH 8.0), 0.5 mM GSH, 1.2 units GSSG reductase (Roche, Branchburg, NJ), 0.35 mM NADPH, 1.5 mM EDTA (pH 8.0), and 2.5 mM Cys-SO 3 . The reaction was allowed to proceed at 30ЊC and NAPDH consumption was followed spectrophotometrically at 340 nm. Data are expressed as units, where 1 unit equals the oxidation of 1 M NADPH/min/mg protein.
Assessment of GRX1-Catalyzed Cysteine Derivatization to Visualize S-Glutathionylation
Cells were grown on Collagen I-coated glass slides and exposed to test agents, and S-glutathionylation was assessed using GRX1-catalyzed cysteine derivatization. This newly developed assay (22), based on the biotin-switch procedure (24) , uses a procedure that encompasses cell permeabilization and chemical blocking of reduced thiol groups using a buffer containing 25 mM Hepes, pH 7.7, 0.1 mM EDTA, 0.01 mM neocuproine, 20 mM N-ethylmaleimide, and 1% Triton X-100 for 30 min at 4ЊC, followed by GRX1-dependent reduction of proteinglutathione mixed disulfides using 27 g/ml Escherichia coli or human GRX1 (American Diagnostica, Stamford, CT), 4 U/ml GSSG reductase (Roche), 1 mM GSH, 1 mM NADPH, and 1 mM EDTA in 50 mM Tris, pH 7.5, for 15 min at 37ЊC. Newly reduced sulfhydryl groups are labeled with 1 mM N-(3-maleimidylpropionyl) biocytin (MPB; Molecular Probes) for 1 h at room temperature and visualized using streptavidin-Alexa Fluor 568. Nuclei are counterstained with Sytox Green and slides were analyzed by confocal microscopy using a ϫ20 objective.
Statistical Analysis
In vivo data were expressed as mean Ϯ SEM and compared by ANOVA. Differences were considered significant when P Ͻ 0.05. All experiments were repeated at least two times.
RESULTS
GRX Is Increased in Allergic Airway Disease
Immunization and challenge with OVA caused eosinophilic inflammation (25) and marked increases in levels of, among others, IL-4, -5, and -6; cytokine-induced neutrophil chemoattractant (KC); and monocyte chemotactic protein (MCP)1 in bronchoalveolar lavage fluid (N.L. Reynaert, unpublished observations). Total lung homogenates from mock-sensitized (Alu/OVA) mice expressed both GRX1 and GRX2 mRNA, in agreement with previous reports (18, 26) . Basal expression of GRX2 mRNA in lung tissue was significantly higher then that of GRX1, which was also reported previously (26) . Antigen sensitization and challenge (OVA/OVA) increased mRNA levels of GRX1, while not affecting GRX2 mRNA levels ( Figure 1A ). Since GRX1 mRNA expression was reported to be higher in the brain of female compared with male mice, and this was associated with protection against the induction of experimental Parkinson's disease (27) , we investigated the differential expression of GRX in lungs of both sexes. Figure 1B demonstrates that in contrast to the brain, lungs of control male or female mice displayed no significant differences in the levels of either GRX1 or GRX2 mRNA, nor differences in GRX activity (data not shown). To corroborate increases in GRX1 mRNA expression in response to OVA, we performed Western blot analysis for GRX1. Results in Figure 1C demonstrate elevated levels of GRX1 protein in whole lung homogenates after sensitization and challenge with OVA when compared with mock-sensitized controls, which corresponded to increases in GRX activity ( Figure 1D ). Immunofluoresence analysis of lung sections revealed that in naïve mice GRX1 was localized to both airways and parenchyma, and increased predominantly in the airway epithelium in this experimental model of allergic airway disease ( Figure 1E ). Collectively, these data indicate that lung GRX1, but not GRX2, expression increases in allergic airway disease and that this corresponds to elevated levels of GRX activity.
Regulation of GRX1 and S-Glutathionylation by IFN-␥ and TGF-␤1 in vitro
Since little information exists on the regulation of GRX expression and activity, we exposed primary mouse tracheal epithelial cells to cytokines relevant to asthma. We focused on tracheal epithelial cells because these cells demonstrated high levels of GRX expression ( Figure 1E ) and are known to play an important role in the defense against oxidants and the regulation of innate and adaptive immune responses (20) . While no significant effects were observed in response to TNF-␣ on GRX activity, LPS, CpG DNA, IL-4, or TGF-␤1 decreased GRX enzymatic activity (Table 1) . In contrast, IL-13 and IFN-␥ were the only mediators . (E ) Frozen sections were stained with an antibody directed against GRX1, followed by incubation with a Cy3-conjugated secondary antibody (red). Sytox Green was used as a nuclear counterstain, and sections were scanned by confocal microscopy. Images are representative of results from five to six mice per group.
tested that caused an increase in GRX activity (Table 1) . Since TGF-␤1 and IFN-␥ caused the strongest modulation of GRX activity, we further evaluated GRX expression profiles and protein S-glutathionylation in response to these cytokines. Consistent with decreases in GRX activity, TGF-␤1 caused attenuated Lower panels: GRX1-reversible cysteine oxidation was performed (red) and nuclei were counterstained with Sytox Green (green). As reagent controls, either primary antibody (top) or GRX (-GRX, bottom) were omitted from the reaction mix.
expression of GRX1 mRNA, while not affecting GRX2 mRNA levels ( Figure 2A ). Although we could not detect clear decreases in GRX1 protein levels in response to TGF-␤1 compared with controls ( Figure 2C , upper panels) via immunofluorescence, possibly due to the low level of staining present in control cells, Cells were treated for 48 h with each agent at the following concentrations: 20 ng/ml TNF-␣, 5 g/ml LPS, 1 g/ml CpG DNA, 10 pg/ml IL-13, 20 ng/ml IL-4, 10 ng/ml TGF-␤1, or 20 pg/ml IFN-␥, and GRX activity was determined.
TGF-␤1 did result in marked increases in protein S-glutathionylation ( Figure 2C, lower panels) . Consistent with the increases in GRX activity in cells exposed to IFN-␥ (Table 1) , exposure to IFN-␥ resulted in increased expression of GRX1 mRNA, whereas GRX2 mRNA levels were not affected ( Figure 2B ). Concomitant increases in GRX1 protein levels ( Figure 2C , upper panels), and decreases in protein S-glutathionylation ( Figure 2C , lower panels) were also detected by immunofluorescence in cells exposed to IFN-␥.
DISCUSSION
In this study we identified GRX1 as part of the antioxidant defense system of the lungs that is up-regulated during allergic airway disease. Although basal expression levels of GRX2 mRNA were higher than GRX1, only increases in GRX1 mRNA were detected in lung tissue of mice with allergic airway disease (Figure 1 ). The two isoforms of GRX do not only differ in their intracellular localization (16, 17) , but evidence is emerging that they might be differentially regulated as well. Recent studies have indicated that GRX2 is a redox sensor that is inactive as a dimer through the formation of an 2Fe-2S cluster. Upon oxidative stress, GRX2 is activated through oxidation of the 2Fe-2S cluster and its subsequent monomerization (28) . Our present work demonstrates that GRX1 mRNA levels are increased after treatment with IFN-␥ while conversely TGF-␤1 treatment led to repressed expression of GRX1 mRNA ( Figures  2B and 2A, respectively) . These findings also suggest that GRX1 is regulated at the transcriptional level, whereas GRX2 may be regulated post-translationally. Such diverse regulatory mechanisms would allow for quick activation of GRX2 upon oxidative stress to confer rapid restoration of sulfhydryl groups, whereas GRX1 would provide delayed but sustained protection.
In the current study we report that IFN-␥ enhanced GRX1 mRNA levels in primary tracheal epithelial cells. The antioxidant enzymes thioredoxin reductase (29) and MnSOD (30) have also been demonstrated to be positively regulated by IFN-␥. The promoter region of the human GRX1 gene, however, does not contain GAS elements (31) , and IFN-␥ is therefore likely to act in concert with other transcription factors to induce GRX1. Alternatively, given the late induction of GRX1 mRNA after IFN-␥ stimulation, it is possible that intermediate IFN-␥-driven factors, such as IFN regulatory factors 1 and 2, are involved in inducing GRX1 transcription in a type 2 IFN response. Repression of GRX1 expression by TGF-␤1 has been observed previously (18) . Surprisingly, a repressive effect of TGF-␤1 has also been reported toward multiple other antioxidant enzymes, like for instance catalase, MnSOD, Cu,ZnSOD (32), ␥-glutamylcysteinyl synthetase (33) . Although the mechanism and functional outcome of repression of antioxidant defenses by TGF-␤1 remain elusive, several potential interactions between TGF-␤1 and oxidants/antioxidants in the lung have been described, and it is thought that oxidants and TGF-␤1 may co-operate to enhance fibrotic responses, for review (34) . Altered levels of protein S-glutathionylation in response to TGF-␤1 or IFN-␥ could be the result of not only alterations in GRX1 expression and overall GRX activity, but could also arise from changes in total GSH and GSH/GSSG ratios. For instance, it has been determined in the past that TGF-␤1 decreases GSH synthesis (33) , which can lower GSH/GSSG and drive S-glutathionylation by GRX. To date, no clear data on the effects of IFN-␥ on GSH are available, and further assessment of the contribution of altered GSH/ GSSG levels or ratios induced by TGF-␤1 or IFN-␥ to changes in S-glutathionylation will be needed to clarify these issues.
Asthma or allergic airway disease is characterized by a Th-2 bias. GRX1 expression is elevated during allergic airway disease, but GRX1 appears to be negatively regulated by at least two Th2-associated cytokines, TGF-␤1 and IL-4, whereas the Th1 cytokine IFN-␥ positively impacted on GRX1 expression. While at first glance these results seem contradictory, Th1 co-development has been demonstrated to occur during allergic airway inflammation (35) , and IFN-␥ in particular has been found to be elevated in mouse models that use similar protocols to the one used in this current study (36) . Increases in GRX1 and total GRX activity during allergic airway disease could be part of the protective antioxidant defense of the lung. Through its deglutathiolating activity, GRX1 could be responsible for liberating GSH from proteins to increase GSH levels to combat the oxidant stress associated with the inflammatory response. However, further evaluation of changes in GSH/GSSG ratios and quantitative assessment of protein S-glutathionylation in allergic airways disease models are needed to corroborate these possibilities. In addition, alterations in the kinetics and extent of protein S-glutathionylation that occur in association with alterations in GRX1 expression and activity could play an important role in the disease process by affecting cell signaling cascades. For instance, S-glutathionylation of the p50 and c-Jun subunit of the transcription factors NF-B and AP-1 have been demonstrated to prevent DNA binding and consequent inflammatory gene transcription (11, 12) . Alternatively, enhanced S-glutathionylation of protein tyrosine phosphatase 1B after NADPH oxidase activation in macrophages is critical to the activation of tyrosine kinases (37) . Additional studies aimed at unraveling changes in S-glutathionylation of critical protein targets will need to be implemented to formally test these scenarios.
In vivo GRX1 expression appears to be mainly localized to airway epithelium ( Figure 1E ). Airway epithelium represents an important barrier of the lungs and confers antioxidant protection. It is therefore not surprising that GRX1 expression is prominently localized in epithelia under basal conditions, in addition to being up-regulated during allergic airway inflammation ( Figure  1E ). However, a previous study reported that human GRX1 was mainly localized in alveolar macrophages, and only weakly to bronchial epithelium (18) , which might reflect differences in GRX expression among different species.
In summary, the present study provides the first evidence that expression of GRX is altered in mice with allergic airway inflammation. Given the emerging significance of GRX catalytic activity both in antioxidant defenses and cell signaling (13) , it is plausible that this newly recognized enzyme could play a critical role in the etiology of allergic airway inflammation. 
